This paper presents the results of an investigation to assess the validity of producing high strength concrete (HSC) using moderate cement content to reduce the consumption of the binders. Cement content is lowered from 500 kg/m 3 to 400 kg/m 3 . The difference in cement content is compensated by the addition of fine limestone (LS) powder. Pozzolans were incorporated as an addition to cement. Different coarse aggregate types were employed. Workability, compressive strength, tensile strength, permeability and drying shrinkage were measured. Test results revealed that HSC with a compressive strength up to 79 MPa (at 90 days age) could be produced with moderate cement content. The mixtures consistency and drying shrinkage are greatly enhanced due to employing LS powder and the permeability is satisfactory. To provide better solution to some concrete disadvantages like cracking and drying shrinkage, using an economic rate for cement are believed to reduce these disadvantages.
Introduction
The definition of HSC has evolved with its gradual development and usage over the years. According to the latest achievements in concrete ingredients and the technology of production the following cement-based concrete classification is made (Kmita, 2000) : (i) conventional concrete (CC), up to grade 60 MPa; (ii) high strength concrete (HSC), grades 60 -90 MPa; (iii) very high strength concrete (VHSC), grades 90 -130 MPa; (iv) reactive powder concrete (RPC), grades 200 -800 MPa; (v) high performance lightweight concrete (HPLC) greater than 55 MPa. The notion of high performance concrete (HPC) was introduced to ensure the needs to other high parameters in certain civil engineering branches apart from its compressive strength.
There is a general agreement (Glaccio and Zerbino, 1998) about the importance of the matrix-aggregate bond. Thus, the type of coarse aggregate is one of the most important variables affecting the behaviour of HSC. It was generally concluded, that not all aggregate types are suitable as they may restrict the overall strength potential of the concrete due to the 'ceiling strength' of the material, which may break down before the cementitious matrix. From the theory of granular mechanics, Chang and Su (1996) showed that there is a good correlation between the compressive strength of aggregates and some of the engineering properties of concrete. For an optimum compressive strength with a high cement content and low w/b ratio, the maximum aggregate size should be kept to a minimum of 9.5 mm (ACI Committee 363, 2001). The effect of aggregate type and its maximum size on some properties of HSC, in the literature, can be summarized as following: Beshr et al. (2003) studied the effect of four types of coarse aggregates namely calcareous, dolomitic, quartzitic limestone and steel slag on the compressive and tensile strength of HSC. The results showed that the steel slag aggregate concrete gave the highest compressive strength, whilst calcareous limestone aggregate concrete gave the lowest compressive strength. Steel slag aggregate concrete gave also the highest tensile strength followed by dolomitic quartzitic limestone aggregate concretes. Kılıç et al. (2008) studied the influence of aggregate type on the strength characteristics and abrasion resistance of HSC. Five different aggregate types named gabbro, basalt, quartzite, limestone and sandstone were used to produce HSC containing silica fume (SF). Cement was partially replaced with 15 % SF. The used w/b ratio was 0.35. The amount of hyperplasticizer (carboxic type) was 4 % of the binder content. The results showed that the gabbro concrete gave the highest compressive strength and abrasion resistance, whilst sandstone showed the lowest compressive strength and abrasion resistance. Chen and Liu (2004) The use of superplasticizer (HRWR) made it possible to produce a workable concrete with low w/b ratio, resulting in higher strength and better durability properties. However, lowering w/b ratio of concrete than a critical value may cause self-desiccation to occur, leading to autogenous shrinkage (Aitcin et al., 1977) . The marked autogenous shrinkage in such systems can induce stress when the autogenous shrinkage is restrained, and may cause micro-cracks in the concrete if the stress exceeds the local tensile strength of the system (Aitcin et al., 1977; Paillere at al., 1989) . Presently various types of pozzolanic materials, such as fly ash (FA), SF, rice husk ash, metakaolin (MK) and others have been widely used in concrete to obtain highperformance concrete principally aims at improving concrete microstructure. The pozzolanic materials have beside their pozzolanic effect a physical filling effect; hence the microstructure of hardened cement matrix becomes denser and stronger. However, some researches in literature can be summarizes as following: Haque (1996) (Gutteridge and Dalziel, 1990) . From a chemical point of view, LS filler does not have pozzolanic properties, but it reacts with the alumina phases of cement to form an AFm phase (calcium monocarboaluminate hydrate) with no significant changes on the strength of blended cement (Bonavetti, 1998) . The main effects of limestone filler are of physical nature. It causes a better packing of cement granular skeleton and a larger dispersion of cement grains (Opoczky, 1992) . Furthermore, LS filler acts as the crystallization nucleus for the precipitation of CH (Soroka and Stern, 1977) . These simultaneous effects produce an acceleration of the hydration of cement grains. A recent report (Caldarone and Zematjis, 2008 ) that investigated the use of 5 % or less limestone powder interground with cement concluded that the fresh and hardened properties of mortars containing LS powder are comparable to or better than those of the companion plain mixtures. On the other hand, Ramezanianpour et al. (2009) studied the effect of various amounts of LS powder on compressive strength and rapid chloride permeability of NSC produced by using combination of cement and LS powder. Cement was partially replaced with LS powder at levels of 0 %, 5 %, 10 %, 15 % and 20 %. The results indicated that the compressive strength values decreased with the propagation of LS powder, but 10 % LS powder provided competitive properties with cement. At 180 days, the chloride ions permeability of composite cement/LS concretes were higher than those of pure cement concrete.
There is no published literature on HSC containing LS without or with different amounts of SF and MK in the presence of different coarse aggregate types when moderate cement content was used. Workability, compressive strength, tensile strength, permeability and drying shrinkage were investigated. This investigation will therefore add valuable knowledge to the HSC system. In addition, this study aims to reduce the content of cement required to produce HSC. Thus, reducing CO 2 emissions resulted by cement industry.
Experimental program
Four groups of concrete mixtures were proportioned to explore the possibility of producing HSC with moderate cement content. The effects of pozzolan type and dosage, and coarse aggregate type were investigated. SF was employed in the first two groups of mixtures and MK in the other two groups. As shown in Table 1 (1) : Coarse aggregate to sand ratio by weight (2) : Ratio from cementitious materials weight second and third letters stands for pozzolan type, either SF or MK. The fourth letter (if any) indicates lime stone powder, and the number (last character) refers to the content of pozzolan. For the sake of this investigation, the cement content is lowered from 500 kg/m 3 in the first and third groups to 400 kg/m 3 in the second and fourth groups, respectively. The difference in cement content is compensated by the addition of fine limestone powder with the same volume as cement replacement. Pozzolans were incorporated as an addition to cement in two fixed quantities either 50 or 75 kg/m 3 correspond, respectively, to 10 % or 15 % of the initial cement content (before limestone powder replacement).
Materials used
The coarse aggregates are crushed dolomite or crushed basalt with 8-mm nominal maximum size, and the fine aggregate is natural siliceous sand has a fineness modulus of 2. 
Concretes composition and test methods
Mixing operations of the concrete mixtures were sequenced as follows: sand was thoroughly mixed with cement, pozzolan, and LS powder (if any) in a pan mixer. About two thirds of the mixing water was added to the mixer and mixing operations continued until the mixture became homogeneous after about 90 seconds. Coarse aggregate was implemented to the wet mixture and mixing further continued for about 30 sec to assure complete homogeneity. The HRWR is premixed with the rest of water and was added to the rotating mixer and mixing operations further continued until the mixture became homogeneous after about 60 sec. Immediately after mixing workability in terms of slump was recorded. The oiled steel moulds of the different specimens were filled in approximately three equal layers and compacted manually. Curing was done by soaking in water until the age of testing. For each mixture shown in Table 1 , the following tests were conducted: -Immediately after the concrete was charged from the mixer, fresh concrete test was performed according to ASTM C 143 [43] . -Compressive strength at three different ages; namely 7, 28, and 90 days. The compressive strength at each age is the average of testing three companion cubes with 150 mm side length. -Splitting tensile strength at 28 days age using standard cylinders 150 mm diameter and 300 mm length. This test was performed according to ASTM C496 [5] . -Permeability at 28 days age; three half-cylinders, 150 mm diameter and 150 mm length, were prepared from each mixture. The outside cylindrical perimeters (lateral faces) of the specimens were painted with epoxy resin. The other two opposite faces were sanded to have clean surfaces. The specimens were positioned in the permeability cells of the testing apparatus, shown schematically in Figure 2 . The water is forced to flow from one face to the other under 30 bar pressure continued for at least 24 h. The permeated water is collected in a 100 ml graduated flask. The formula for calculating the permeability coefficient (Darcy coefficient) is:
where: cc: permeated water (m 3 ), h: specimen height (m), A: specimen surface area (m 2 ), t: permeation time (seconds), p: hydrostatic pressure (Pa). However, the procedure to measure the permeability is similar to those previously reported in (Seleem et al., 2010 ). -Drying shrinkage; free expansion test was performed on all the mixtures. The mortar fraction part of concrete mixtures was employed for casting mortar bars having overall dimensions of 25 × 25 × 285 mm, in accordance with ASTM C157 [6] . Initial measurements were taken immediately after demolding the specimens. The specimens were cured in water until the age of 28 days, and then were left in lab conditions; relative humidity 50 % and temperature (20 -25) o C for another 9 months. Length change measurements were monitored every other day during the curing regime and the first month of lab storing, and every other week during the rest of testing period by means of a length comparator apparatus described in ASTM C490 [8] . -The used XRD apparatus, to perform the diffractograms of SF and MK samples that plotted in Figure 1 , was of X'pert Pro type (Netherlands). The analysis was run at 40 kV and 40 mA using Cu Kα radiation and monochromatic filter. The 2θ ranged from 5º -50º. The interpretation of the obtained phases was achieved by X'Port high score PDF-2 database software on CD-Release 2006. Apparently, the ultra high fineness of SF with its known effect on viscosity increase impairs slump values. -The type of coarse aggregate seems to have an effect on concrete workability; the slump in the case of basalt aggregate is higher than that for dolomite aggregate by ratios up to 14 %. Surface condition and aggregate porosity and consequently absorption capability are the main differences between the two kinds of aggregates thought to influence workability. -Replacing part of the cement content with LS powder when maintaining the water content seems to have two distinct effects depending on the type of the employed pozzolan. In case of SF, the slump values are more or less the same, little affected by the reduction in the cement content. This result could be attributed to the mixture relatively high viscosity implemented by SF. In case of MK, a pronounced enhancement in slump values up to 12 % resulted from replacement part of cement with LS powder. 
Results and discussion

Workability
Compressive strength results
Figures 4 and 5 show the compressive strength development of the SF mixtures and the MK mixtures, respectively. It was generally noted that: -The highest attained strength value is 82.4 MPa at 90 days assigned for the mixture BSF75 with SF, 500 kg cement, and basalt aggregate. The second in order is 79.3 MPa at the same age assigned to the corresponding mixture, BSFP75, with LS powder, SF, 400 kg cement, and basalt aggregate. -Compressive strength of the SF mixtures is higher than those of the corresponding MK mixtures by ratios range from 26 % to 30 %, 27 % to 40 %, and 10 % to 14 % at ages of 7, 28, and 90 days, respectively. Apparently, the strengths tend to converge with age increasing. -Basalt aggregate is more prone to strength increase than dolomite aggregate. Unfortunately, no simple relation could be found to the impact of basalt aggregate in this regard. -Replacing part of the cement content with LS powder caused two distinct effects depending on the type of the employed pozzolan. For SF mixtures, the strength reduction was initially significant at early ages and then diminishes with age increasing. Figure 4 shows that the reductions in compressive strength ranged from 20.4 % to 12.8 %, 10.1 % to 3.5 %, and 6 % to 1.9 % at ages of 7, 28, and 90 days, respectively. For MK mixtures, the reduction in strength was significant at all ages and ranged from 20.8 % to 13.8 %, 12.5 % to 9.6 %, and 17.8 % to 15 %, at 7, 28, and 90 days age, respectively (Fig. 5 ). 
Tensile strength
The most commonly used test for estimating the tensile strength of concrete is the ASTM C496 splitting tension test. The tensile strength at 28 days age, shown in Figure 6 , followed the compressive strength values at the same age. As could be seen, the tensile strength is rather sensitive to the type of pozzolan and coarse aggregate, and replacing some of the cement content with LS powder apparently resulted in a more or less constant reduction in strength about 5 %. It is interesting to note that the strength of the MK mixtures assumed nearly the same ratio, about 73 %, of that of the corresponding SF mixtures. However, these reductions are expected to decrease with increasing the age as found for compressive strength. 
Permeability
Permeability measurements cited in Table 3 shows that all SF mixtures have comparable permeability coefficients regardless of the kind of coarse aggregate and the content of pozzolan. Furthermore, partially replacing cement with LS powder in these mixtures caused a slight increase in the permeability coefficient, not more than 10 %. Permeability coefficients of the MK mixtures are somewhat higher than those of the SF mixtures. That could be attributed to the ultra fineness and pozzolanic activity of SF which led to the formation of intense pozzolanic reaction products within the capillary pore spaces and in turn finer and more segmented pore system. The effect of partially replacing cement with LS powder in these mixtures is less apparent than the preceding case, as the maximum increase in permeability coefficient was about 6 %. 
Drying shrinkage
As known, shrinkage is the reduction in volume at constant temperature without external loading. It is as important material property that significant effects on long-term performance of designed structures. It also influences structural properties and durability of the material (Rashad, 2013a (Rashad, , 2013d (Rashad, , 2014 where drying shrinkage can be a major reason for deterioration of concrete structures. The contraction of the material is normally hindered by either internal or external restraints so that tensile stresses are induced. These stresses may exceed the tensile strength and cause concrete to crack. The one measured here represents the effect of drying and normally includes the autogenous one, and for practical purposes the former one need not be distinguished from the latter one. Figures 7 and 8 show the linear strains upon wetting for 28 days then drying till another 9 months for the SF mixtures and the MK mixtures, respectively. All mixtures exhibited the same trend although the deformation strains were not so. For SF mixtures, both swelling and drying shrinkage are governed by the SF content. Meanwhile, replacing some of the cement content with LS powder caused a reduction in both kinds of strains. The reductions were up to 30 % swelling strains and up to 20 % shrinkage strains. These reductions are generated from lowering cement content with a relatively stable compound, i.e. LS powder. On the other hand, the deformation strains of the MK mixtures are generally governed by the cement content, little affected by the pozzolan content. Figure 8 shows that partial replacement of cement with LS powder efficiently reduced both kinds of strains; up to 30 % swelling and up to 15 % shrinkage. 
Conclusions
The objective of the present work is to explore the possibility of producing HSC with an economic rate for cement consumption while giving as close as possible the desired properties. The reduction in cement consumption is believed to reduce the cost, and give a rational solution to some concrete disadvantages like cracking due to thermal changes and drying. From the results achieved for the workability, compressive strength, tensile strength, permeability, and drying shrinkage tests the following conclusions are drawn: 1. In terms of consistency, higher slump values could be obtained by employing MK rather than SF, basalt coarse aggregate rather than dolomite, and by partially replacing cement with LS powder. 2. It was possible to produce concrete with a compressive strength of an order of 79.3 MPa with cement consumption 400 kg/m 3 . High packing density of fine grains in the binder matrix, limited aggregate size, relatively low water-to-binder ratio, and a relatively high dose of HRWR are the main keys for HSC with moderate cement content. 3. SF and basalt aggregates are more prone to strength increase than MK and dolomite aggregates, respectively. While strength increases in proportion to SF content, no simple relation could be found to the impact of basalt aggregates in this regard. 4. Partially replacing cement with LS powder caused two distinct effects on strength depending on the type of the employed pozzolan. For SF mixtures, the strength reductions were initially significant at early age but later on with age increasing the reductions diminish. For MK mixtures, the reductions in strength were significant at all ages. 5. The tensile strength trends generally followed compressive strength at the same age.
Replacing some of the cement content with LS powder apparently resulted in a more or less a constant reduction in tensile strength about 5 %. 6. Permeability measurements show that all SF mixtures have comparable permeability coefficients regardless of the kind of coarse aggregate and the content of pozzolan. Furthermore, partially replacing cement with LS powder in these mixtures caused a slight increase in permeability coefficient, not more than 10 %. 7. Permeability coefficients of the MK mixtures are somewhat higher than those of the SF mixtures. Partially replacing cement with LS powder in these mixtures is less apparent than for SF mixtures, as the maximum increase in permeability coefficient was about 6 %. 8. Linear strains upon wetting for 28 days (swelling) then drying till another 9 months (shrinkage) for the SF mixtures and the MK mixtures are generally reduced due to employing LS powder as a partial replacement of cement.
